Here we describe the cloning and expression pattern of a new bHLH-PAS domain gene, Npas3. Npas3 shares 50.2% amino acid sequence identity with Npas1 and a lesser similarity with other members of the bHLH-PAS domain family of transcription factors. Northern blot analysis detected Npas3 mRNA between 11.5 and 17.5 d.p.c. in embryonic development and exclusively in the adult brain. Whole-mount and section in situ hybridization assays revealed expression of Npas3 between 9.5 and 11.5 d.p.c. in the developing neural tube. In addition, Npas3 mRNA was expressed throughout the neuroepithelium of the developing central nervous system between 10.5 and 12.5 d.p.c. Interestingly, at 14.5 d.p.c., the expression of Npas3 mRNA became restricted to the neopallial layer of the cortex. At 12.5 d.p.c., Npas3 mRNA was evident in nonneural tissues such as the developing dermis and mesenchyme surrounding the otic and nasal placodes. Expression was also detected in the developing cardiac valves, limb and developing kidney. q
Introduction
The members of the basic helix-loop-helix (bHLH) family are a group of related proteins that are involved in a number of biological and physiological processes such as the regulation of myogenesis (MyoD/Mef) (Arnold and Winter, 1998) , neurogenesis (NeuroD) (Lee, 1997a,b) , toxin metabolism (ARNT/Ahr) (Hankinson, 1995; Schmidt and Brad®eld, 1996) , and circadian rhythms (clock/period) (Dunlap, 1998 (Dunlap, , 1999 . These proteins contain a basic region that is involved in DNA binding and a helix-loop-helix region that is responsible for protein dimerization. A subset of the bHLH family includes a 200±300 block of amino acid sequence similarity known as the PAS domain. Originally identi®ed in the period and the single-minded genes of Drosophila and the aryl hydrocarbon receptor nuclear transporter (ARNT) gene of mammals, the PAS domain consists of two degenerate ,50 amino-acid direct repeats (Crews, 1998) . These repeats serve to mediate protein dimerization speci®city between other PAS proteins, small molecule binding and interactions with non-PAS proteins (Dolwick et al., 1993; Huang et al., 1993; Reisz-Porszasz et al., 1994; Coumailleau et al., 1995; Fukunaga et al., 1995; Carver and Brad®eld, 1997; Crews, 1998) . To identify novel members of the bHLH-PAS protein family, the public EST database was scanned for sequences that contained the bHLH-PAS domain. Here we report the characterization of a new family member of this group designated Npas3. Analysis of Npas3 expression suggests that this gene plays a broad role in neurogenesis.
Results
The Expression Sequence Tag data base (dbEST) from GenBank was used to identify murine bHLH-PAS members. An expressed sequence tag, EST#455445, was found to have extensive homology to the Drosophila trachealess gene. Rapid ampli®cation of cDNA ends (RACE), using RNA from 11.5 d.p.c. embryos, was used to extend the cDNA in both the 5 H and 3 H directions. Sequence analysis of these RACE products ultimately de®ned a cDNA which has an open reading frame capable of encoding a polypeptide of 926 amino acids (Fig. 1A) . Like other bHLH-PAS proteins, Npas3 contains a basic helix-loop-helix region and PAS-A and PAS -B domains. Comparison of Npas3 to the database revealed greatest homology to the mouse Npas1 and Drosophila Trh proteins (Fig. 1B) . The mouse Npas1 and Drosophila TRH proteins share the greatest degree of homology to Npas3 in the basic helix-loop-helix and PAS-A and PAS-B regions. An amino acid alignment of Npas3 to the mouse Npas1 and Drosophila TRH proteins revealed 76.5% and 94.2% similarity in the bHLH region, 98.0% and 75.0% similarity in the PAS-A region and 47.7% and 54.2% similarity in the PAS-B region, respectively. No other regions of signi®cant amino acid homology to Npas3 were identi®ed. To begin to determine the expression pattern of Npas3, poly(A) 1 RNA isolated from 11.5±17.5 d.p.c. embryos was examined by Northern blot analysis ( Fig. 2A) . A single transcript of approximately 6.9 kb was ®rst detected at 11.5 d.p.c. with the highest expression seen at day 13.5 d.p.c. A transcript of the same size was also detected in the adult brain (Fig. 2B) . To more clearly de®ne the spatio-temporal expression of Npas3, whole-mount and section RNA in situ hybridization analysis was performed. No expression was detected at 7.5 or 8.5 d.p.c. Npas3 expression was ®rst found at 9.5 d.p.c. in the developing neural tube extending to the tip of the tail and in the developing rhombencephalon (Fig. 3A) . By 10.5 and 11.5 d.p.c., higher levels of Npas3 transcripts were detected in the developing neural tube and in the metencephalon and myelencephalon region (Fig. 3B,C) . In addition, expression of Npas3 was evident in the entire neuroepitheilium of the developing central nervous system (CNS) (Fig. 3D,E) .
Section in situ hybridization demonstrated that expression in the CNS in 10.5 d.p.c. embryos was uniform in the neuroepithelial layer (Fig. 4A,B) . However, at 11.5 d.p.c. the expression in the neural tube became more pronounced in the dorsal region (data not shown). At 12.5 d.p.c., Npas3 was expressed at a high level in the developing pontine, cerebellar and medullary neuroepithelium, and to a lesser extent in the differentiating ®eld of the pons, cerebellum and medulla (Fig. 4C) . Interestingly, by 14.5 d.p.c. the expression of Npas3 mRNA became restricted to the neopallial layer of the cortex (Fig. 4D) .
At 12.5 d.p.c., the ®rst expression of Npas3 outside of the developing nervous system was identi®ed in the pericardium, the primitive mesenchymal tissue surrounding the epithelium lining the nasal cavity and in the dermal connective tissue just underneath the epidermis (Fig. 4E±G) . Expression was also present in the mesenchyme of the developing limb bud (data not shown). By 14.5 d.p.c., Npas3 expression could be detected in the mesenchyme surrounding the semicircular canals of the middle ear (Fig.  4H ). In addition, the connective tissue of the aortic and pulmonic valves expressed Npas3 and this continued through 16.5 d.p.c. (Fig. 4I and data not shown) . Finally, at 16.5 d.p.c., low levels of Npas3 could be detected in the mesenchyme surrounding the developing ducts of the submandibular salivary gland and in the epithelium of the more differentiated tubules of the kidney but was absent from the immature components of the nephrogenic zone (data not shown).
Methods

To clone Npas3, 5
H and 3 H RACE were performed using a 11.5 d.p.c. embryo Marathon-Ready cDNA kit from Clontech (7458-1) according to the manufacturer's protocol using oligonucleotide primers designed from EST#455445. For 5 H RACE reactions the primer (5 H -AGGCCTAGGTAGATA-GAGACGGTT-3 H ) was used. For 3 H RACE reactions the primer (5 H -CTGGATGGCTTCGTATTTGCACTA-3 H ) was used. Cycles of PCR were carried out using the following parameters: ®ve cycles at 948C for 5 s, 728C for 4 min; ®ve cycles at 948C for 5 s, 708C for 4 min; 25 cycles at 948C for 5 s, 688C for 4 min. PCR products were cloned in to the pT7Blue cloning vector (Perfectly blunt cloning kit from Novagen cat#70189-3) and sequenced. The Npas3 cDNA sequence has been deposited into GenBank (accession number AF137871).
Northern blot analysis and isolation of embryonic RNA were performed as previously described (Hsieh-Li et al., 1995) . Adult northern blot was a commercially available mouse adult northern blot membrane (Clontech cat#7762-1). In situ hybridization experiments on whole-mounts or tissue sections were performed as previously described (Hsieh-Li et al., 1995) using a Npas3 probe (nucleotides 70±530).
